can be synthesized from silicon or silicon oxide. For example, trimethoxysilane is formed directly from silicon by reaction with methanol vapor using copper(I) chloride as a catalyst. Silica gel supporting catalytic component, such as potassium hydroxide, reacts with dimethyl carbonate vapor to form tetramethoxysilane.
553K in a fixed-bed reactor.
Both tri-and tetramethoxysilanes were obtained when methanol was fed at 553K into silicone oil containing silicon fused with copper at 777K prior to the reaction2).
Great efforts were made to obtain high selectivity of trimethoxysilane predominantly over tetramethoxysilane as a by-product, since trimethoxysilane is an important intermediate in the synthesis of various organosilicon compounds. A high selectivity for trimethoxysilane has been attained by using copper(I) chloride as a catalyst.
Thus, a 90% selectivity for trimethoxysilane was obtained when methanol was fed dropwise into a suspension of silicon and copper(I) chloride in e.g. dodecylbenzene at 493-513K3). When the reaction was conducted in a fluidized-bed reactor at 618K using a silicon-copper(I) chloride-zinc mixture, trimethoxysilane was obtained with an 84% of selectivity4).
Chemical phenomena occurring on the silicon surface in these reactions, however, have still remained unclear.
Here, the activation process of silicon surface in reaction with methanol using copper(I) chloride catalyst will be reported.
The reaction can be expressed as formation with reaction time is shown in Fig. 1(a) . At both preheating temperatures, the rate first increased and, beyond a maximum, it decreased.
Preheating at 723K, the reaction rate was lower than that where the preheating temperature was 513K.
In Fig. 1(a Fig. 1(b) . The reaction ceased at 70% of silicon conversion, in case the preheating was carried out at 723K.
On the other hand, almost complete silicon conversion was attained in the reaction, in case the preheating temperature was 513K. Kinetic parameters such as the reaction order with respect to methanol pressure and the activation energy of the reaction also depended on the preheating temperature5). The results described above clearly indicate that the environment at the reaction sites on the silicon surface depends on the preheating temperature.
2.4.
Si-CuCl Reaction at Preheating Stage Since the rate and the selectivity depends on the preheating temperature, the effect of the preheating on the silicon-copper(I) chloride mixture was examined by various methods.
For microscopic observation of silicon surface, a small piece aqueous HF solution) was embedded in the mixture of silicon and copper(I) chloride powders.
The X-ray diffraction (XRD) measurement of the silicon-copper(I) chloride mixture heated at 723K for 1h showed the formation of a silicon-copper intermetallic compound, Cu3Si, on the silicon grains.
The electron probe micro analysis (EPMA) of the silicon wafer heated with copper(I) chloride at 723K for 1h also indicated Cu=10wt%, preheating temperatute=723K
(1), 513K (2) . reaction temperature= 513K. CH3OH=59kPa. It is known that the formation of the pits is indicative of the formation of Cu3Si phase at the heating stage6). The number of pits is 125mm-2.
These results show preheating at 723K, intermetallic phase, Cu3Si, is formed on the silicon surface.
Thus, silicon reacts with copper(I) chloride to form atomic copper and silicon tetrachloride, the former further reacting with silicon to afford the intermetallic compound,
The Cu3Si is washed away from the surface at the washing procedure to form pits. These results show that the Cu3Si phase is not formed at the 513K-heating or that the amount of the silicon-copper alloy is too low to be detected by these techniques. 2.5. Formation of Pits during the Si-CH3OH Reaction In the direct synthesis of methylchlorosilanes from silicon and methyl chloride using copper(I) chloride catalyst, pits are formed on the silicon surface upon a reaction with methyl chloride7). As described above, the patches of Cu3Si were observed on the silicon surface after preheating the silicon-copper(I) chloride mixture at 723K. To clarify how the state of the silicon surface changes upon the reaction with methanol, microscopic measurement was made for the reacting silicon. Silicon wafer embedded in a mixture of silicon and copper(I) chloride powders was preheated at 723K for 1h and subjected to reaction with methanol (16kPa) at 493K. Reactions were carried out. for 36, 58, 91, 183, and 303min, the silicon conversion attaining 1, 5, 10, 30, and 45%, respectively. In Fig. 3 are shown the SEM taken of the wafers separated from the powder. Pits are formed on the wafers. The size of the pits increased with silicon conversion.
At 45% conversion, some of the pits came into contact with each other.
Though the size of the pits increased, the number of pits did not change appreciably with silicon conversion. Thus, the number per unit area of the wafer surface was 110, 97, 109, 101, and 104mm-2, at silicon conversion of 1, 5, 10, 30, and 45%, respectively. This indicates that the reaction starts at a discrete area on the surface and that the silicon atoms are consumed around the area. As described above, the patches of Cu3Si phase are formed on the surface at the preheating stage. The number of the patches was 125mm-2, to which the number of the pits formed upon the silicon-methanol reaction was close. This strongly indicates that the reaction starts at the Cu3Si patches and that silicon atoms are consumed only from the surrounding areas.
Distribution of the size of the pits is shown in Fig. 4 . It is clear that the average size of the pits increases with silicon conversion and that the distribution becomes broader with increase in silicon conversion. This indicates that a part of the pits stops growing, probably because of the formation of metallic copper particles. The formation of metallic copper may be related to the decrease in the rate of the silicon consumption and ultimately to a low silicon conversion. The formation of metallic copper during the reaction was confirmed by XRD measurement.
The metallic copper may also be related to lowering of the selectivity for trimethoxysilane with reaction time. The metallic copper functions as a catalyst for the reaction of trimethoxysilane with methanol8).
The Cu3Si phase was detected by XRD measurement after the preheating at 723K, while the rate curve had an acceleration period. There was no similarity between the change in the amount of the Cu3Si phase with reaction time and the change in the rate curve. This shows that Cu3Si is not a real reactive species, once the reaction with methanol starts. Banholzer and Burrell9) examined the silicon surface in the silicon methyl chloride reaction by an Auger spectroscopy. The estimated value of Cu/Si ratio in the active areas varied from 0.5 to 2, with the majority of the values near 1. From this observation, they questioned the hypothesis that Cu3Si is the active species in the reaction.
An EPMA was made for pits on the silicon surface. The EPMA spectra from the center of the pits consist of Cu and Si signals. A signal of Cl was not detected at all. The signal attributed to copper atoms were not detected at the flat part of the surface. These results are in conformity with the idea that the reaction starts around the area where Cu3Si phase has been located.
The morphology of silicon surface reacting with methanol was examined also for the reaction where the preheating had been carried out at 493K. In Pits are observed even at a 0.01% conversion (Fig. 5(a) ). Upon increasing the conversion to 0.4%, the number of pits increased (Fig. 5(b) ), indicating that the reaction sites are newly formed upon the start of reaction.
The number of pits per unit surface is far greater than that resulting from the reaction with that preheated at 723K. The pits enlarged when the conversion increased to 0.7% (Fig. 5(c) ), and pits merged with each other, the greater part of the surface becoming reactive.
As the conversion increased ( Fig. 5(d) and (e)), the number of smaller pits decreased and the surface became increasingly flat, except for the area having large pits. At 43.5% conversion (Fig. 5(f) ), the surface became very rough.
The formation of pits clearly indicates that the formation of Cu3Si on the silicon surface occurs even after preheating at 493K. The failure to detect the Cu3Si phase by XRD measurement and EPMA may be attributed to the minute size of the phase.
The fact that the number of pits increased with silicon conversion indicates that methanol is involved in the formation of active sites. The higher initial rate of silicon consumption, compared with the rate of reaction with that preheated at 723K, is due to the high number of reaction areas, the size of each area being minute. Almost complete conversion of silicon is attained because most of the surface became reactive. Detailed results on the effect of preheating conditions and methanol pressure on the time course of the rate of silicon consumption will appear elsewhere10).
2.6.
Reaction of Silicon with Ethanol Silicon reacts also with ethanol to afford triethoxysilane. Many of the features observed in this reaction follows those in the silicon-methanol reaction.
The changes in the rate of ethoxysilanes ((C2H5O)3SiH+(C2H5O)4Si) formation, where the reactions were carried out after the 723K preheating at 513K, are shown in Fig. 6 . In cases of preheating at both temperatures, the rate first increased and, beyond a maximum, it decreased. Further, as shown in Fig. 6 , the selectivity for triethoxysilane was high (>98%) throughout the reaction for that preheated at 513K, whereas for that preheated at 723K, it decreased with progress of reaction.
The final silicon conversion after 5h of reaction time was 95 and 73%, for those preheated at 513K and 723K, respectively. The higher yield of trialkoxysilane observed for those preheated at lower-temperatures is similar to that in the silicon-methanol reaction.
The surface morphology of reacting silicon, i.e. the form and number of pits, also had a similarity to that of the silicon-methanol reaction.
The authors and a coworker have found that the alcohols higher than ethanol, such as propanol and butanol, react with silicon to afford corresponding trialkoxysilanes. Fig. 7(a) is the change in the rate of tetramethoxysilane formation with reaction time at various temperatures.
Reaction of Silica Gel or
The catalyst, potassium hydroxide, was supported on silica gel by 5wt%. At each reaction temperature, the rate first increased and, beyond a maximum, it decreased. Shown in Fig. 7(b) is the conversion of silica calculated from the rate curves. Silica gel was completely converted into tetramethoxysilane. The time required for the complete conversion depended on the reaction temperature.
At 600K, The amount of potassium hydroxide supported on silica gel affected the rate of the reaction. The rate increased with increase in the catalyst amount from 1 to 2wt%. Further increase up to 10wt% did not give appreciable change in the rate, at 20wt% the rate began to decrease. Overloading of the catalyst may cause a clogging of the silica gel pores, resulting in decrease of the rate.
Alkaline hydroxides, other than potassium hydroxide, were also used as a catalyst. Results are depicted in Fig. 8 . All the hydroxides examined were active and gave complete conversion of silica gel. Hydroxides of rubidium and caesium were just as effective as potassium hydroxide. Sodium hydroxide was useful, too, as a catalyst, but less active than potassium hydroxide.
Various alkali metal salts, too, have catalytic activities for the reaction. The effectiveness of the catalysts in decreasing order follows: KOH KF>KCl.
Sodium salts, such as sodium chloride and sodium carbonate, are also active. Caesium fluoride is more active than potassium hydroxide. In general, the activity is higher with higher polarity of the catalysts. The reaction rate depends on the partial pressure of dimethyl carbonate.
Reaction of Silica Gel with Diethyl
Carbonate Silica gel further reacts with diethyl carbonate. Shown in Fig. 9 are the time courses of the reaction at 700K with several kinds of catalyst. A higher temperature was required for the reaction com- Fig. 10(a) . The rate initially increased and then diminished to zero, during which the conversion of SiO2 component in the ash attaining 95% ( Fig.  10(b) ). The reaction proceeds even in the absence of a catalyst, though a higher reaction temperature of 675K was required.
The reaction started with an induction period, and the conversion of SiO2 component reached 80% (Fig. 10(a) and (b) ). In the case of silica gel with dimethyl carbonate, no reaction occurred in the absence of a catalyst.
In the case of rice hull ash, the alkaline component in the ash may serve as a catalyst for the reaction. Addition of a catalyst caused both higher rate and higher final conversion of the SiO2 component.
In Fig. 10 , is also shown a result of rice hull ash-diethyl carbonate reaction to afford tetraethoxysilane.
The reaction of the ash with diethyl carbonate required a higher temperature, 725K, than that with dimethyl carbonate.
As in the rice hull ash-dimethyl carbonate reaction, the rate initially increased and then diminished. 
